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(54) Article having protuberances for creating turbulent flow and method for providing 
protuberances on an article 



(57) An article includes turbulation material bonded 
to a surface of a substrate via a bonding agent, such as 
a braze alloy. In an embodiment, the turbulation material 
includes a particulate phase of discrete metal alloy par- 
ticles having an average particle size within a range of 



about 125 microns to about 4000 microns. Other 
embodiments include methods for applying turbulation 
and articles for forming turbulation. 
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Description 



[0001] The invention relates to articles that require 
surface protuberances, such as metal components 
used in turbine engines. In some embodiments, the 5 
invention is more specifically directed to improved tech- 
niques for Increasing the heat transfer characteristics on 
various surfaces of the articles. 
[0002] Various techniques have been devised to 
maintain the temperature of turbine engine components io 
below critical levels. As an example, coolant air from the 
engine compressor is often directed through the compo- 
nent, along one or more component surfaces. Such flow 
is understood in the art as "backside air flow," where 
coolant air is directed at a surface of an engine compo- is 
nent that is not directly exposed to high temperature 
gases from combustion. In combination with backside 
air flow, "turbulators" have been used to enhance heat 
transfer. Turbulators are protuberances or "bumps" on 
selected sections of the surface of the component, 20 
which function to Increase the heat transfer with the use 
of a coolant medium that is passed along the surface. 
[0003] Turbulators are generally formed by casting. 
However, casting cannot readily be used to apply turbu- 
lation to certain areas of a component. For example, it is 25 
very difficult to cast protuberances on some portions of 
the turbine engine parts, such as on certain sections of 
internal cavities; in locations where there is restricted 
molten metal flow; or in areas where mold sections are 
separated during fabrication. It may also be difficult to 30 
provide turbulatlon to some of the external surfaces of 
turbine parts, such as the outer platforms of an engine 
nozzle. 

[0004] In some instances, the turbulatlon on the 
surfaces of engine components has to be repaired or 35 
modified while the engine Is in service. In other 
instances, it may be necessary to add turbulation to 
engine components during service or repair, to improve 
the heat transfer and cooling effectiveness at specific 
locations within the component. The addition and repair 40 
of turbulation cannot be achieved by the casting proc- 
ess. 

[0005] One known technique of applying turbulation 
to an already formed component, Is to wire-spray turbu- 
lation onto a surface of the substrate. A deficiency asso- 45 
ciated with such type of turbulation is oxidation of the 
coating, which reduces heat transfer effectiveness. In 
cased of severe oxidation,, coating spallation may result 
with subsequent complete loss of heat transfer benefits. 
[0006] Further methods for applying turbulation to so 
various types of metal substrates would be welcome in 
the art. There is a need for methods that are capable of 
providing turbulatlon on surfaces that lie within cavities, 
and on any other surface that Is not easily accessible! 
There Is a need for methods that are capable of apply- 55 
ing protuberances of different sizes and shapes, and in 
patterns. In addition, there is a need for articles having 
turbulatlon provided thereon having desirable heat 



transfer characteristics an^Bbibility. 
[0007] One embodlm^Rf the present invention 
calls for a method of providing turbulation on a surface 
of a substrate, including the steps of applying a layer on 
a surface of the substrate, the layer comprising braze 
alloy and turbulation material; and fusing the layer on 
the surface of the substrate, whereby the braze alloy 
bonds the turbulatlon material to the superalloy sub- 
strate. The layer of material may be applied to the sub- 
strate in various forms, including a brazing sheet and a 
slurry. In addition, the substrate may be a metal sub- 
strate, such as a superalloy substrate. Another embodi- 
ment of the invention calls for an article including a 
substrate and turbulation material bonded to a surface 
of the superalloy substrate by braze alloy Still another 
embodiment calls for an article including a substrate to 
which is bonded turbulation material having a particular 
particle size. Other embodiments Include a brazing 
sheet and a slurry including turbulation matehal. 
[0008] The invention will now be described in 
greater detail, by way of example, with reference to the 
drawings, in whlch:- 

FIG. 1 is an illustration of a partial cross-section of 
a brazing sheet containing protuberances; 

FIG. 2 is an illustration of an elevated perspective 
view of a brazing sheet containing protuberances- 
and 

FIG. 3 is an illustration of a cross section of the 
brazing sheet of FIG. 2. as applied to a substrate. 



[0009] The present invention can be used with any 
metallic material or alloy, but Is usually used with heat- 
resistant alloys designed for high-temperature environ- 
ments, such as above 1000 °C. As defined herein, 
"metal-based" refers to substrates that are primarily 
formed of metal or metal alloys. Some heat-resistant 
alloys are "superalloys" including cobalt-based, nickel- 
based, and iron-based alloys. In one embodiment, the 
superalloy is nickel or cobalt based, wherein nickel or 
cobalt is the single greatest element by weight. Illustra- 
tive nickel-based Include at least about 40 wt% Ni, and 
at least one component from the group consisting of 
cobalt, chromium, aluminum, tungsten, molybdenum, 
titanium, and iron. Examples of nickel-based superal- 
loys are designated by the trade names Inconel® 
Nimor^c®. Rene® (e.g.. Rene®80-, Rene®95 alloys' 
Rene® 142 and Rene® N5), and Udimet®, and include 
directionally solidified and single crystal superalloys. 
Illustrative cobalt-based include at least about 30 wt% 
Co, and at least one component from the group consist- 
ing of nickel, chromium, aluminum, tungsten, molybde- 
num, titanium, and iron. Examples of cobalt-based 
superalloys are designated by the trade names Hay- 
nes®, Nozzaloy®, Stellite® and Ultimet®. 
[001 0] While the type of substrate can vary widely, it 
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is often in the form of a ^flk engine part formed of a 
superalloy, such as a cor^Rtor liner, combustor dome, 
bucl<et or blade, nozzle or vane. Other substrates are 
turbine parts that are not in the high-pressure stage of 

the turbine engine, such as in shroud clearance control 5 
areas, including flanges, casings, and rings. Such parts 
may not be formed of a superalloy in view of lower tem- 
perature environments to which such components are 
exposed. Typical alloys for such components include 
Inconel® 718, Inconel® 900 series, and Waspaloy®. 
[0011] According to embodiments of the present 
invention, a layer of material containing at least a braze 
alloy component and a turbulation material Is utilized to 
provide turbulation on a surface of a substrate, particu- 
larly on a superalloy substrate. As used herein, the term 
"layer" of material is used to denote a single layer or 
several discrete sub-layers that are sandwiched 
together. A "layer" of material may have several phases, 
including a matrix phase having a discrete phase dis- 
persed therein, and several phases defined by sub-lay- 
ers. The layer of material may be in the form of a free- 
standing sheet, such as in the case of a brazing sheet, 
as well as a slurry containing at least the turbulation 
material and the braze alloy component." As used 
herein, "turbulation material" is a material that, upon 
fusing to a substrate, forms a plurality of protuberances 
that extend beyond the surface of the substrate. These 
plurality of protuberances together define "turbulation," 
which appears as a roughened surface that is effective 
to increase heat transfer through the treated substrate. 
According to several embodiments of the present inven- 
tion, the turbulation material comprises a particulate 
phase comprised of discrete particles bonded to the 
substrate. The particulate phase of discrete particles 
may be formed from a coarse powder, described in 
more detail below with respect to embodiments herein. 
[0012] In one embodiment of the invention, the 
layer of material is a brazing sheet, particularly a green 
braze tape. Such tapes are commercially available. In 
an embodiment, the green braze tape is formed from a 
slurry of metal powder and binder in a liquid medium 
such as water or an organic liquid. The liquid medium 
may function as a solvent for the binder. The metal pow- 
der is often referred to as the "braze alloy". 
[0013] The composition of the braze alloy is prefer- 
ably similar to that of the substrate. For example, if the 
substrate is a nickel-based superalloy, the braze alloy 
can contain a similar nickel-based superalloy composi- 
tion. In the alternative, nickel-based braze alloys or 
cobalt-based braze alloys are usually used with cobalt- 
based superalloys. Nickel- or cobalt-based composi- 
tions generally denote compositions wherein nickel or 
cobalt is the single greatest element in the composition. 
The braze alloy composition may also contain silicon, 
boron, phosphorous or combinations thereof, which 
serve as melting point suppressants. It is noted that 
other types of braze alloys can be used, such as pre- 
cious metal compositions containing silver, gold, or pal- 



ladium, mixtur^^Bpreof, in combination with other 
metals, such as oP^fer, manganese, nickel, chrome, sil- 
icon, and boron. Mixtures that include at least one of the 
braze alloy elements are also possible. Exemplary 

braze alloys include by weight percent, 2.9 boron, 92.6 
nickel, 4.5 tin; 3.0 boron, 7.0 chromium, 3.0 iron, 83.0 
nickel, and 4.0 silicon; 19.0 chromium, 71.0 nickel, and 
10.0 silicon; 1.8 boron, 94.7 nickel, and 3.5 silicon. 
[0014] A variety of materials are generally used as 
binders in the slurry for forming the green braze tape. 
Non-limiting examples include water-based organic 
materials, such as polyethylene oxide and various acryl- 
ics. Solvent-based binders can also be used. Additional 
organic solvent (e.g., acetone, toluene, or various 
xylenes) or water may be added to the slurry to adjust 
viscosity. 

[001 5] The slurry is usually tape cast onto a remov- 
able support sheet, such as a plastic sheet formed of a 
material such as Mylar®. A doctor-blade apparatus can 
be used for tape-casting. Substantially all of the volatile 
material in the slurry is then allowed to evaporate. The 
resulting braze alloy tape usually has a thickness in the 
range of about 1 micron to about 250 microns, and pref- 
erably, in the range of about 25 microns to about 125 
microns. 

[0016] Braze tapes containing the above-men- 
tioned braze alloy and binder are commercially availa- 
ble. An example of a commercial product is the Amdry 
line of braze tapes, available from Sulzer Metco. An 
exemplary grade is Amdry® 100. 
[0017] The turbulation material that is applied to the 
green braze tape is typically a coarse powder, being 
formed of particles having a size sufficient to form pro- 
tuberances that function to Increase heat transfer of the 
treated component. In many embodiments, the size of 
the particles is determined in large part by the desired 
degree of surface roughness and surface area (and 
consequently, heat transfer) that will be provided by the 
protuberances. Surface roughness is characterized 
herein by the centerllne average roughness value "Ra", 
as well as the average peak-to-valley distance "Rz" In a 
designated area as measured by optical profilometry. 
According to an embodiment, Ra is greater than about 
0.1 mils, such as greater than about 1.0 mils, and pref- 
erably greater than about 2.0 mils. Ra is typically less 
than about 25 mils, more typically less than about 1 0 
mils. Similarly, according to an embodiment, Rz is 
greater than about 1 mil, such as greater than about 5 
mils. Rz is typically less than about 100 mils, more typi- 
cally less than about 50 mils. As used herein, the term 
"particles" may include fibers, which have a high aspect 
ratio, such as greater than 1:1. In one embodiment, the 
average size of the turbulation powder particles is in the 
range of about 125 to about 4000 microns, such as 
about 1 50 to about 2050 microns. In a preferred embod- 
iment, the average size of the powder particles is in the 
range of about 180 microns to about 600 microns. 
[0018] The turbulation material is often formed of a 
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material similar to that of the subst^^etal, which is in 
turn similar to that of the braze HffThe turbulation 
powder, however, may have a higher melting point or 
softening point than that of the braze alloy such that the 
turbulation powder remains largely intact through the 
fusing operation. Usually, the turbulation powder com- 
prises at least one element selected from the group 
consisting of nickel, cobalt, aluminum, chromium, sili- 
con, iron, and copper. The powder can be formed of a 
superalloy bond coat composition for thermal barrier 
coating (TBC) systems, such as a superalloy composi- 
tion of the formula MCrAlY, where "M" can be various 
metals or combinations of metals, such as Fe, Ni, or Co. 
The MCrAlY materials generally have a composition 
range of about 17.0-23.0% chromium; about 4.5-12.5% 
aluminum; and about 0.1-1.2% yttrium; with M constitut- 
ing the balance. 

[0019] However, it should be emphasized that an 
important advantage of the present process relates to 
the ability to change the surface "chemistry" of selected 
portions of the substrate by changing the composition of 
the turbulation material. For example, the use of oxida- 
tion-resistant or corrosion-resistant metal alloys for the 
turbulation material will result in a turbulated surface 
that exhibits those desirable properties. As another 
illustration, the thermal conductivity of the turbulation 
material, which affects the heat transfer, can be 
increased by using a material with a high thermal con- 
ductivity, such as nickel aluminide which has a thermal 
conductivity on the order of 228 Btu • in/ft^ • hF . 
[0020] In one embodiment, the turbulation powder 
is formed of a material having a thermal conductivity 
greater than about 60 Btu • in/ft^ • hF, preferably greater 
than about 80 Btu • in/ft^ • hF, such as greater than 
about 130 BtuMp/ft^-hR In contrast, prior art casting 
techniques for producing turbulation usually employ 
only the base metal material for the protuberances, 
thereby limiting flexibility in selecting the characteristics 
of the turbulated surface. 

[0021] The powder can be randomly applied by a 
variety of techniques, such as sprinkling, pouhng, blow- 
ing, roll-depositing, and the like. The choice of deposi- 
tion technique will depend in part on the desired 
arrangement of powder particles, to provide the desired 
pattern of protuberances. As an example, metered por- 
tions of the powder might be sprinkled onto the tape sur- 
face through a sieve in those instances where the 
desired pattern-density of the protuberances is rela- 
tively low. 

[0022] Usually, an adhesive is applied to the sur- i 
face of the green braze tape prior to the application of 
the turbulation powder thereon. Any braze adhesive can 
be used, so long as it is capable of completely volatiliz- 
ing during the subsequent fusing step. Illustrative exam- 
ples of adhesives include polyethylene oxide and acrylic i 
materials. Commercial examples of braze adhesives 
include "4B Braze Binder", available from Cotronics 
Corporation. The adhesive can be applied by various 



techniques. For exampleJ|^-like adhesives can be 
sprayed or coated onto tl^Rrface. A thin mat or film 
with double-sided adhesion could alternatively be used, 
such as 3M Company's 467 Adhesive Tape. 
[0023] In one embodiment, prior to being brazed, 
the powder particles are shifted on the tape surface to 
provide the desired alignment that would be most suita- 
ble for heat transfer. For example, acicular particles, 
including fibers, having an elongated shape may be 
10 physically aligned so that their longest dimension 
extends substantially perpendicular to the surface of the 
brazing sheet contacting the substrate. The alignment 
of the powder may be carried out by various other tech- 
niques as well. For example, a magnetic or electrostatic 
15 source may be used to achieve the desired orientation. 
In yet another embodiment, individual particles or clus- 
ters of particles are coated with braze alloy, and such 
coated particles are placed on an adhesive sheet for 
application to a substrate. The adhesive sheet can be 
20 formed of any suitable adhesive, provided that it is sub- 
stantially completely burned-out during the fusing oper- 
ation. Suitable adhesives are discussed above. 
[0024] In some embodiments, the turbulation pow- 
der is patterned on the surface of the braze sheet. Vari- 
25 ous techniques exist for patterning. In one embodiment, 
the powder is be applied to the substrate surface 
through a screen, by a screen printing technique. The 
screen would have apertures of a pre-selected size and 
arrangement, depending on the desired shape and size 
30 of the protuberances. Alternatively, the braze adhesive 
is applied through the screen and onto the sheet. 
Removal of the screen results in a patterned adhesive 
layer. When the powder is applied to the sheet, it will 
adhere to the areas that contain the adhesive. By use of 
35 a screen, a pattern may be defined having a plurality of 
"clusters" of particles, wherein the clusters are generally 
spaced apart from each other by a pitch corresponding 
to the spacing of the openings in the screen. The 
excess powder can easily be removed, leaving the 
40 desired pattern of particles. As another alternative, a 
"cookie cutter" technique may be employed, wherein 
the braze tape is first cut to define a desired turbulation 
pattern, followed by removal of the excess braze tape. 
The turbulation powder can then be applied to the pat- 
i5 terned tape. In yet another embodiment, particles of the 
turbulation material are coated with braze alloy, and the 
coated particles are adhered onto an adhesive sheet 
that volatilizes during the fusing step. Here, the adhe- 
sive sheet provides a simple means for attachment of 
>o the turbulation material to the substrate prior to fusing, 
but generally plays no role in the final, fused article. 
[0025] In another embodiment, the turbulation pow- 
der is mixed with the other components of the green 
braze tape, such as braze alloy powder, binder and sol- 
's vent, during formation of the green braze tape, rather 
than providing the turbulation powder on a surface of 
the already formed tape. The turbulation powder In turn 
forms a dispersed particulate phase within the green 
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braze tape. 

[0026] The removab^^upport sheet, such as 
Mylar® backing is then detached from the green braze 
tape. The tape Is then attached to a portion of the com- 
ponent-substrate where turbulation is desired. As an 5 
example, an adhesive may be employed. Any adhesive 
suitable for attaching the tape to the substrate material 
would be suitable, provided that it completely volatilizes 
during the fusing step. 

[0027] Another simple means of attachment is used io 
In some embodiments. The green braze tape can be 
placed on a selected portion of the substrate, and then 
contacted with a solvent that partially dissolves and 
plasticizes the binder, causing the tape to conform and 
adhere to the substrate surface. As an example, tolu- i5 
ene, acetone or another organic solvent could be 
sprayed or brushed onto the braze tape after the tape is 
placed on the substrate. 

[0028] Following application of the green braze tape 

to the substrate, the turbulation material Is fused to the 20 
substrate. The fusing step can be carried out by various 
techniques, such as brazing and welding. Generally, 
fusing is carried out by brazing, which includes any 
method of joining metals that involves the use of a filler 
metal or alloy. Thus, It should also be clear that braze 25 
tapes and braze foils can be used in fusing processes 
other than "brazing". Brazing temperatures depend in 
part on the type of braze alloy used, and are typically in 
the range of about 525°C to about lesC^C. In the case 
of nickel-based braze alloys, braze temperatures are 30 
usually in the range of about 800**C to about 1260°C. 
[0029] When possible, brazing Is often carried out 
In a vacuum furnace. The amount of vacuum will 
depend in part on the composition of the braze alloy. 
Usually, the vacuum will be in the range of about 10'^ 35 
torr to about 10"® torr, achieved by evacuating ambient 
air from a vacuum chamber to the desired level. 
[0030] In the case of turbulation being applied to an 
area which does not lend itself to the use of a furnace, 
such as when the component itself is too large to be 40 
inserted into a furnace, a torch or other localized heat- 
ing means can be used. For example, a torch with an 
argon cover shield or flux could be directed at the braz- 
ing surface. Specific, illustrative types of heating tech- 
niques for this purpose Include the use of gas welding 45 
torches (e.g., oxy-acetylene, oxy-hydrogen, air-acety- 
lene, air-hydrogen); RF (radio frequency) welding; TIG 
(tungsten inert-gas) welding; electron-beam welding; 
resistance welding; and the use of IR (infra-red) lamps. 
[0031] The fusing step fuses the brazing sheet to so 
the substrate. When the braze material cools, it forms a 
metallurgical bond at the surface of the substrate, with 
the turbulation material mechanically retained within the 
solidified braze matrix material. 

[0032] In another embodiment of the invention, the 55 
layer of material is a brazing sheet in the form of a metal 
foil having first and second surfaces. The foil Is formed 
of a metallic material similar to that of the substrate, 



such as a braze^^Blike that described for the previous 
embodiment. Tffl^if the substrate is a nickel-based 
superalloy, the foil material may be a nickel-based 
superalloy. The braze alloy composition for foils, which 
does not contain a binder as in the case of braze tapes, 
may contain silicon, boron, or combinations thereof, 
which serve as melting point suppressants. Other braze 
alloy compositions may also be suitable, such as those 
comprising cobalt or iron; or the precious metal compo- 
sitions described previously. The foil usually has a thick- 
ness of about 0.1 micron to about 2500 microns, and 
preferably, about 25 microns to about 200 microns. 
[0033] Various techniques can be used to make 
such a foil. In the first technique, a mixture of metallic 
powder material and binder is tape-cast onto a remova- 
ble support sheet. The support sheet Is removed, and 
the remaining green sheet is then sintered into a "pre- 
form" foil, e.g., by using a vacuum heat treatment. The 
sintering temperature is dependent on various factors, 
such as the composition of the foil-alloy, the size of the 
powder particles, and the desired density of the foil. 
This process is typically called a "tape-cast pre-form" 
technique, 

[0034] According to a second alternative technique, 
a metallic powder material is deposited onto a support 
sheet as a thin layer of metal. Various thermal spray 
techniques are usually used for the deposition, such as 
vacuum plasma deposition, HVOF (high velocity oxy- 
fuel), or air plasma (AP) spray. Other deposition tech- 
niques could be employed as well, e.g., sputtering or 
physical vapor deposition (PVD). The support sheet Is 
then removed, leaving the desired metal foil. 
[0035] A third technique for making the foil Is some- 
times referred to as an amorphous metal ribbon tech- 
nique. In this process, the metallic powder material Is 
melted, and the molten material is poured onto a high- 
speed roller that very rapidly quenches the molten 
material. The quenched material is ejected from the 
roller as a ribbon. Braze foils are commercially available 
from various sources, such as Wesgo and Allied Signal 
Company. In general, the braze foil differs from the 
green braze tape described above in that the foil is In a 
sintered, densified form before application of the turbu- 
lation powder and subsequent fusing to a substrate. 
[0036] The turbulation powder Is applied to the first 
surface of the braze foil. The powder generally has the 
same characteristics as the powder described for the 
previously described embodiment Incorporating a green 
braze tape. As in that case, the powder Is usually 
formed of a material similar to that of the substrate 
metal, which in turn Is similar to that of the braze alloy. 
Thus, the powder is usually nickel-based, and may have 
a composition of the formula MCrAlY, as described pre- 
viously. The techniques described aboye can be used to 
apply the powder, such as thermal spray or casting. 
[0037] Usually, an adhesive is applied to the second 
surface of the foil, prior to the application of the turbula- 
tion powder. The adhesive can be selected from those 
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described previously, provided tl]^^dheres to the 

metallic foil and It completely volatMiPdurIng the sub- 
sequent fusing step. Illustrative adhesives are those 
that were described previously, e.g., polyethylene oxide 
and various acrylics. Techniques for applying the adhe- 
sive would also be similar or identical to those described 
previously 

[0038] Moreover, the powder particles can be 
shifted and aligned as described above, based on the 
required heat transfer characteristics for the substrate 
surface. Similarly, the powder particles can also be pat- 
terned on the surface of the foil by various techniques. 
[0039] In some instances, the substrate surface to 
which the foil will be attached is curved. In such a case, 
it may be desirable to provide the foil with an identical 
curvature. Relatively thin foils may be easily bent to 
match the curvature of a substrate. Foils of greater 
thickness usually are not flexible, but can be shaped by 
other techniques. As an example, a removable support 
sheet may be employed during fabrication, which sheet 
has the desired curvature of the substrate. The braze 
material can be deposited on the support sheet by the 
techniques described previously, e.g., thermal spraying 
or casting (for example, liquid metallic casting without a 
binder, or powder-slurry casting, with a binder). The tur- 
bulation powder can then be deposited on the foil, as 
also described previously The turbulation-containing 
foil which has the desired curvature can then be 
detached from the support sheet. (Alternatively, the tur- 
bulation powder could be applied to the foil surface after 
the support sheet is removed). 
[0040] The turbulated braze foil is cut to a size 
appropriate for the site on the substrate where turbula- 
tion is to be formed. The foil can then be attached to that 
portion of the substrate. As an example, the first surface 
of the foil, I.e., the surface opposite that which is coated 
with the turbulation powder, could be attached to the 
substrate with an adhesive sheet or adhesive composi- 
tion. Any adhesive suitable for attaching the foil to the 
substrate metal should be suitable, as long as it com- 
pletely volatilizes during the fusing step. Illustrative 
adhesives are those that were described previously 
[0041 ] Alternatively, the braze foil could be attached 
by mechanical means. In some preferred embodiments, 
the foil is locally welded to the substrate surface at a fevv 
locations (spot welding). A variety of heating techniques 
could be employed, such as TIG (tungsten inert-gas) 
welding, resistance welding, gas welding (e.g., with a 
torch); RF welding, electron-beam welding; and IR lamp 
methods. 

[0042] Fusing of the foil to the substrate can then be 
undertaken as described previously with brazing often 
being used for this step. Brazing temperatures will again 
depend in part on the type of braze alloy used for the 
foil, and are typically in the range of about 525°C to i 
about 1650°C. In the case of nickel-based braze alloys 
as described above, braze temperatures are usually in 
the range of about 800°C to about 1260*^0. The fusing 



step fuses the foil to the ^^ate, as described previ- 
ously and may be carriSWt in a vacuum furnace. 
Alternatively brazing may be accomplished through use 
of a torch or other heating technique (e.g., the welding 
5 techniques mentioned above) can be used for fusing the 
foil to the substrate, as an alternative to the vacuum fur- 
nace. 

[0043] According to another embodiment, the sub- 
strate is coated with a layer of material in slurry form. 
10 That is, in contrast to the embodiments described 
above, a brazing sheet (In the form of a green braze 
tape or brazing foil) is not used. Rather, a slurry contain- 
ing a liquid medium, braze alloy powder, and turbulation 
powder is directly applied to a surface of the substrate. 
15 The slurry is dried, and then the coated substrate is 
heated such that the braze softens to form a film that 
bonds the turbulation powder to the substrate. The 
slurry may optionally contain a binder, and the liquid 
medium may function as a solvent for the binder. Use of 
20 a binder is desirable in cases where handling of the 
component is necessary after drying of the slurry and 
before fusing, such as transporting the coated compo- 
nent to a furnace. 

[0044] The liquid medium may be water, an organic 
25 component such as acetone, toluene, or various 
xylenes, or mixtures of water and an organic compo- 
nent. The turbulation powder, braze alloy powder, and 
binder may be formed of materials described above. For 
example, the turbulation powder generally includes at 
30 least one element selected from the group consisting of 
nickel, cobalt, iron, and copper. In one embodiment, the 
turbulation powder has a composition according to the 
formula MCrAlY, where "M" is a metal from the group 
Fe, Nl, or Co, or combinations thereof. MCrAlY mateh- 
35 als may have a composition range of about 17.0-23.0% 
Cr, 4.5-12.5% Al, and about 0.1-1.2 % Y the balance M. 
In one embodiment, M is Ni. By way of example, binders 
include water-based organic materials (or combinations 
of materials), such as polyethylene oxide and various 
40 acrylics. Solvent-based binders can also be used. 

[0045] The slurry itself generally contains turbula- 
tion powder, braze alloy and binder. The amount of 
braze alloy is chosen relative to the turbulation powder 
in an amount sufficient to bond the particles of the tur- 
45 bulation powder to the substrate, such as about 1 to 40 
wt% braze alloy and the balance (about 60 to 99 wt%) 
turbulation powder. The amount of binder is generally 
present in an amount to ensure sufficient green strength 
for handling while minimizing the volume of binder burn- 
so out, such as about 1 to 20 wt% of the slurry 

[0046] In the embodiments described above, the 
structure of the component after-fusing includes a solid- 
ified braze film that forms a portion of the outer surface 
of the component, and protuberances that extend 
55 beyond that surface. The protuberances are generally 
made up of a particulate phase comprised of discrete 
particles. The particles may be arranged in a monol- 
ayer, which generally has little or no stacking of parti- 
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cles, or alternatively, clu^^B)f particles in which some 
particles may be stacked^Wach other. Thus, after fus- 
ing, the treated component has an outer surface defined 
by the film of braze alloy, which has a particulate phase 
embedded therein. The film of braze alloy may form a 5 
continuous matrix phase. As used herein, "continuous" 
matrix phase denotes an uninterrupted film along the 
treated region of the substrate, between particles or 
clusters of particles. Alternatively, the film of braze alloy 
may not be continuous, but rather, be only locally 10 
present to bond individual particles to the substrate. In 
this case, the film of braze alloy is present in the form of 
localized fillets, surrounding discrete particles or clus- 
ters of particles. In either case, thin portions of the film 
may extend so as to coat or partially coat particles of the 75 
turbulation powder. 

[0047] FIG. 1 illustrates an embodiment of the 
present invention after fusing. As shown, component 20 
has an internal cavity 22 through which "backside" cool- 
ant fluid Is passed. The internal surfaces of the compo- 20 
nent 22 are treated according any one of the techniques 
heretofore described, to form a braze alloy film 24 that 
forms a continuous matrix phase, and a discrete partic- 
ulate phase 26 comprised of turbulation material. In 
FIG. 1, the particles of particulate phase are randomly 25 
arranged, but may alternatively be arranged according 
to a predetermined patterned as described above. 
While the component 20 is shown in partial cross sec- 
tion to have a cylindrical form, it may take on any one of 
the many shapes and sizes of components of state of 30 
the art turbine engines, for example. While turbulation is 
shown on an Internal surface of component 20, it may 
be provided externally in components where hot gases 
travel through internal cavities, and cooling fluids pass 
over the exterior surfaces. 35 
[0048] The average height h of the protuberances 
as measured from the substrate is generally on the 
order of the average particle size of the particles of the 
turbulation material, such as about 125 microns to, 
about 4000 microns or about 1 50 microns to about 2050 40 
microns. The height h may also be within a range of 
about 180 to about 600 microns. The thickness of the 
braze alloy film 24 overlying the substrate is generally 
chosen to ensure adequate roughness and ensure an 
increase in surface area, provided by the particulate 45 
phase 26, while also ensuring adequate adhesion of the 
particles to the substrate. The thickness may be on the 
order of about 20 microns to 100 microns, more partic- 
ularly, 30 to 70 microns. In one embodiment, the thick- 
ness is approximately 50 microns. It is noted that the so 
braze alloy film 24 mainly forms thin layer shown in FIG. 
1 , but also may form a thin coating overlying the individ- 
ual particles of the particulate phase 26. 
[0049] In another embodiment of the present inven- 
tion, the protuberances can be formed on the brazing 55 
sheet by the use of a mold, rather than by individual, dis- 
crete particles of turbulation powder. The mold includes 
recesses (within one of its major surfaces) suitable for 



replicating the ^^nnd shape of the protuberances. 
The mold can b^Beet of rubber (for example, an RTV 
compound) or any synthetic material. Alternatively, the 
mold can be formed of a ceramic or metallic material. 

This type of mold can itself be made from an existing 
turbulation-surface by techniques well-known in the art. 
[0050] One of the mold techniques for this embodi- 
ment may be referred to as "green casting". According 
to this technique, the recesses of the mold are filled with 
a slurry material. The slurry contains a liquid medium, 
the turbulation powder, braze alloy powder, and option- 
ally a binder. The liquid medium may function as a sol- 
vent for the binder, effective to enhance the mixing of 
alloy and binder. The liquid medium may include water, 
an organic component such as acetone, aromatic sol- 
vents such as toluene, isopropanol, or various xylenes, 
or mixtures of water and the organic component. The 
braze alloy and turbulation material compositions can 
be as described previously. Suitable binders have also 
been described for other embodiments, e.g., water- 
based organic materials or solvent-based binders. 
[0051] The recesses can be filled with the slurry by 
any convenient technique, such as casting or trowelling. 
Sometimes, a small amount of a release agent, such as 
a stearate or a silicone-based material, is applied to all 
or part of the surfaces of the recesses before filling with 
the slurry, to promote separation from the mold at the 
appropriate time. 

[0052] The open face of the filled mold is then usu- 
ally placed against a surface of the brazing sheet, which 
can be a green braze tape or braze foil, as described 
previously. The sheet surface may have an adhesive 
layer applied thereto, to enhance adhesion between the 
molded protuberances and the sheet. The mold can 
then be pulled or cut off the sheet, leaving the exposed 
protuberances. 

[0053] Alternatively, the braze tape could be formed 
"in-situ" on the open face of the mold, which is filled with 
turbulation powder and braze alloy. In other words, a 
slurry of tape-forming metal powder, binder, and option- 
ally, solvent, could be applied to the open face of the 
mold. Evaporation of the volatile material in the slurry 
results in a tape in the green state. The slurry may be 
heated to increase the evaporation rate. The mold can 
then be removed to expose the protuberances, before 
or after application to the substrate. 
[0054] As yet another alternative, the braze foil 
could be formed in-situ on the open face of a mold, such 
as a metal or ceramic mold. This alternative could be 
carried out by depositing the turbulation material, in 
molten form, onto the open face of the mold, by one of 
the techniques described previously, e.g., a thermal 
spray technique or casting (here, usually liquid metal 
casting). After the recesses In the mold have been filled, 
a thin layer of braze alloy, e.g., up to about 125 microns, 
can be applied over the mold - again by casting or ther- 
mal spray. (Sometimes, the surface of the filled mold 
can be ground to a level state before deposition of the 
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braze alloy). The protuberances affixed to the 

thin braze alloy sheet after remova^Re mold. 
[0055] With respect to the slurry for filling the 
recesses in the mold, the braze alloy is present in an 
amount that is sufficient to promote liquid phase sinter- 
ing of the turbulation powder within the braze alloy liquid 
matrix, and not so much so as to cause the protrusion to 
collapse during sintering within a molten pool of braze 
alloy The amount of braze alloy is chosen relative to the 
turbulation powder, such as about 1 to 40 wt% braze 
alloy and the balance (about 60 to 99 wt%) turbulation 
powder. The amount of binder is generally present in an 
amount to ensure sufficient green strength for handling 
while minimizing the volume of binder burnout, such as 
about 1 to 20 wt% of the slurry 
[0056] In the above examples of this embodiment, 
the particle size of the turbulation powder need not be 
as large as described above In connection with, since 
the protuberances may be formed by groups of parti- 
cles. Generally, the particle size is within a range of 
about 1 micron to about 4000 microns, such as about 1 0 
microns to about 2000 microns, preferably not greater 
than about 500 microns. In one embodiment, the parti- 
cle size is within a range of about 25 to about 180 
microns. 

[0057] Regardless of which of these turbulation- 
mold alternatives is employed, the resulting article Is a 
layer of material in the form of a brazing sheet that 
includes the desired protuberances situated on a braze 
material, for attachment to the component. The method 
of attachment will depend in part on whether the brazing 
sheet is a braze tape or a braze foil, with suitable tech- 
niques, in each instance, being described previously 
[0058] FIG. 2 is an Illustration of an elevated per- 
spective view of a brazing sheet containing protuber- 
ances according to this embodiment of the present 
invention. As illustrated, brazing sheet 10 Includes pro- 
tuberances 12 that are provided to be exposed to a 
coolant medium. While the protuberances are shown to 
have a generally semi-spherical shape, they may take 
on other shapes as well to meet desired roughness and 
surface area characteristics, to obtain a desired heat 
transfer enhancement. 

[0059] FIG. 3 illustrates a partial cross-sectional 
view of the brazing sheet 10 shown in FIG. 2, applied to 
a substrate 8. As illustrated, protuberances 12 of braz- 
ing sheet 10 have a height h on the order of about 125 
microns to about 4000 microns, such as about 150 
microns to about 2050 microns, similar to the protuber- 
ances of the previously described embodiments. The 
height may also be within a range of about 180 microns 
to about 600 microns. The protuberances are made up 
of closely packed grains or particles 14 of the turbula- 
tion powder. Braze alloy 16 forms a thin film overlying 
the substrate, and also fills in spaces between the parti- 
cles 14 of the turbulation powder within the protuber- 
ances. The braze alloy forming an intergranular phase 
between particles 14 is effective to ensure efficient heat 



transfer through the protuj^^pes by reducing porosity. 
[0060] As mentioned Hme, the size and pattern of 
turbulation can be readily adjusted to provide maximum 
heat transfer for a given situation. Usually the protuber- 
5 ances are substantially semi-spherical in shape, either 
assuming the shape of the mold recesses or the shape 
of particles of the turbulation powder, according to the 
different embodiments discussed herein. Other shapes 
are possible, such as cones, truncated cones, pins, or 
10 fins. The number of protuberances per square cm of 
substrate will depend upon various factors, such as their 
size and shape. In one embodiment, the number of pro- 
tuberances is sufficient to cover about 40% to about 
95% of the particular substrate surface, i.e., the particu- 
15 lar area of the substrate that is treated according to 
embodiments of the present invention, which ranges 
from a small interior cooling channel surface, to the 
entirety of an exposed surface of a turbine engine com- 
ponent, for example. 
20 [0061] The application of turbulation material 
according to embodiments of the present invention is 
effective to increase surface area of the substrate. For 
example, A/Aq, where A is the surface area of the 
treated region of the component and Aq is the surface 
25 area of the same region of the component in untreated 
form (generally a smooth surface), is generally at least 
about 1.05, typically at least about 1.20. A/Aq is gener- 
ally less than about 4.0, typically less than about 2.5. 
[0062] While braze alloy have been described 
30 above in connection with the foregoing embodiments as 
a preferable class of bonding agents, other bonding 
agents can be used. For example, high temperature 
epoxies may be used in less demanding environments, 
such as on non-superalloy components subjected to 
35 lower operating temperatures. 

[0063] In most embodiments, the turbulation (i.e., 
the "roughness" provided by the protuberances) is 
present to enhance the heat transfer characteristics for 
the underlying component. The enhanced heat transfer 
40 characteristics In turn result in a desirable temperature 
reduction for specified regions of the component, lead- 
ing to a desirable reduction in thermal stress. Moreover, 
by tailoring the size and spacing of the protuberances, 
the heat transfer enhancement can also be adjusted, 
45 which in turn results in a reduction in the thermal and 
stress gradients for the component. 
[0064] Embodiments of the present invention have 
shown improvement in heat transfer over wire-sprayed 
turbulation. For example, embodiments of the present 
50 invention have provided a heat transfer enhancement 
greater than 1 .52, such as greater than about 1.60, at a 
jet Reynolds number of 40,000. In contrast, wire-spray 
techniques have been shown to form turbulation that 
has a heat transfer enhancement on the order of 1 .3 to 
55 1.52 at a jet Reynolds number of 40,000. Particular 
embodiments of the present invention have shown a 
heat transfer enhancement of about 1.70 to about 1.82 
at a jet Reynolds number of 40,000. The heat transfer 



15 



EP 1 050 663 A2 



16 



enhancements are no^^ped to 1.0, denoting a 
smooth, untreated surfa^Weat transfer values were 
measured by embedding thermocouples into the turbu- 
lated substrate for temperature measurement. An 
impingement plate was mounted above the turbulated 
substrate, and a selected amount of heat was applied to 
the opposite side of the turbulated substrate, i.e., the 
side without the protuberances. Coolant air was then 
blown through the holes in the impingement plate, onto 
the turbulated surface. The amount of energy required 
to keep the turbulated surface at a selected temperature 
was then measured (the higher the required tempera- 
ture, the greater the enhancement in heat transfer). The 
treated samples were then compared to smooth, 
untreated baseline samples. 

[0065] According to embodiments of the present 

invention, by keeping the turbulation close to the surface 
of the substrate, pressure drop of the coolant medium 
flow across the cooled surface is reduced and the fin 
cooling efficiency is improved. For example, in one 
embodiment, the height of the turbulation is kept below 
600 microns, more particularly, less than about 375 
microns. The particle size may be less than about 600 
microns, more particularly, less than about 375 microns 
to ensure that the turbulation material is close to the sur- 
face to improve fin efficiency. 

[0066] It is noted that while temperature measure- 
ments were taken in connection with impingement cool- 
ing (coolant air flow perpendicular to the surface of the 
substrate), cooling may be effected by convection (cool- 
ant air flow parallel to the surface of the substrate) as 
well in practical use. 

[0067] Further, embodiments of the present inven- 
tion demonstrated a marked improvement in oxidation 
resistance over conventional wire-sprayed turbulation. 
Samples were thermally cycled between room tempera- 
ture and a 2,000 °F, with a 45 min. hold at 2,000 °F The 
cycling revealed virtually no oxidation of the turbulated 
surface at 200 furnace cycles and only slight oxidation 
at 400 furnace cycles. In contrast, wire-spray turbulation 
was found to demonstrate significant oxidation at 200 
furnace cycles, leading to premature spalling of turbula- 
tion. 

[0068] As described above, turbulation is usually 
used in conjunction with a coolant medium that is being 
directed against or across a component used in a high 
temperature environment. It should be understood that 
while the coolant medium is usually air, it could also be 
composed of other fluids such as water. 

Examples 

[0069] The following examples are merely illustra- 
tive, and should not be construed to be any sort of limi- 
tation on the scope of the claimed invention. All parts 
are provided In weight percent, unless otherwise indi- 
cated. 



Example 1 




[0070] A commercial braze tape was used in this 
example: Amdry®100 (composition: 10% by weight sili- 

5 con; 19% by weight chrome, balance nickel). The tape 
had a thickness of about 25-50 microns, and was 
coated with a very thin organic adhesive. A coarse 
NiCrAlY bond coat powder was employed, having an 
approximate composition as follows: 68 wt.% Ni, 22 

10 wt.% Cr, 9 wt.% Al, and 1 wt.% Y. The powder had an 
average particle size (diameter) of 50 - 80 mesh, i.e., 
180-300 microns, and was manually applied to the 
braze tape surface. The tape was then cut to a size of 
about 5 cm X 5 cm, and attached to a portion of a nozzle 

15 cavity surface of a turbine engine component formed 
from a nickel-based superalloy. A solvent (acetone) was 
then sprayed onto the tape, causing it to plasticize, con- 
form, and adhere securely to the cavity surface. 
[0071] The nozzle cavity was then vacuum-brazed 

20 at a brazing temperature of about 2150°F (1177°C), 
using a vacuum furnace held at about 10"^ torn The tur- 
bulation powder was completely fused to the cavity sur- 
face. The surface exhibited a rough texture because of 
the presence of the turbulation. The protuberances 

25 were substantially semi-spherical in shape. The meas- 
ured Ra value was about 2.7 mils (68.6 microns), and 
the Rz value was about 13.5 mils (343 microns). At a jet 
Reynolds number of 20,000, a 1.7 heat transfer 
enhancement was measured, and at a jet Reynolds 

30 number of 40,000, a 1 .9 heat transfer enhancement was 
measured. 

Example 2 

35 [0072] The type of NiCrAlY bond coat powder used 
in Example 1 was used here. The powder was applied 
to the braze tape surface (coated with an adhesive) 
through a 40 mesh screen (425 micron particle size 
maximum), to form a pattern on the surface. The tape 

40 was then cut and attached to a portion of a nozzle cavity 
surface, as in the previous example. Vacuum-brazing 
was also carried out as in Example 1 , completely fusing 
the turbulation to the cavity surface, in the desired pat- 
tern. The heat transfer measurements for this example, 

45 performed as in Example 1, yielded a heat transfer 
enhancement value of 1.9 at a jet Reynolds number of 
40,000. 

Example 3 

50 

[0073] A braze foil having the same alloy as in 
Example 1 , was used in this example. The foil was cut to 
a size of about 5 cm x 5 cm. A patterned layer of adhe- 
sive was screen-printed onto the foil surface. The 
55 NiCrAlY bond coat powder used in Example 1 was then 
manually distributed onto the adhesive-coated surface. 
After the excess powder was removed from the surface, 
the foil was spot-welded onto a portion of a nozzle cav- 
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ity surface, and vacuum-brazed tll^B as in Example 
1 (same brazing conditions). As in^Knple 2, the pat- 
terned turbulation was completely fused to the cavity 
surface. At a jet Reynolds number of 20,000, a 1.73 
heat transfer enhancement was measured, and at a jet 5 
Reynolds number of 40,000, a 1.9 heat transfer 
enhancement was measured. 

[0074] While turbulation was applied to in nozzle 
cavity, a wide variety of other components may also be 
treated. For example, other superalloy components 10 
including combustor liners, combustor domes, buckets 
or blades, or shrouds. Non-superalloy components 
used In lower temperature applications may also be 
treated. For example, shroud clearance control areas, 
including flanges, casings, and rings may be advanta- 15 
geously treated. In these embodiments, use of turbula- 
tion permits more accurate control of the diameter of the 
flowpath shroud, thereby decreasing the clearance 
between the blade tip and shroud surface and Increas- 
ing efficiency. In view of the lower temperature require- 20 
ments for the materials of such components, the braze 
alloy may be replaced with another bonding agent such 
as a high temperature epoxy or solder, for example. The 
application of the turbulation material may be by brazing 
sheet or by slurry containing the bonding agent and the 25 
turbulation material, as described above. 
[0075] As described above, the term "turbulation" 
has been used to denote a roughened surface com- 
prised of a plurality of protuberances that are effective to 
increase heat transfer through a treated component. 30 
The roughened surface in some embodiments appears 
sandpaper-like in appearance. The increase in heat 
transfer is believed to be largely due to the Increased 
surface area of the treated component. Turbulation may 
also increase heat transfer by modifying the coolant 35 
medium flow characteristics, such as from laminar flow 
to turbulated flaw along the surface, particularly where 
the turbulation material is principally formed of large 
particle size material. 

[0076] According to embodiments of the present 40 
invention, methods are provided that permit application 
of turbulation to surfaces that are not easily accessible, 
to provide improved heat transfer. Further, embodi- 
ments of the present invention enable formation of pro- 
tuberances of varying sizes and shapes, and in a 45 
patterns, if desired. In addition, according to embodi- 
ments of the present Invention that utilize a layer Includ- 
ing turbulation material and a bonding agent such as 
braze alloy, improved resistance to oxidation and corro- 
sion at high temperatures may be achieved, as well as 50 
improved heat transfer effectiveness. 
[0077] For the sake of good order, the features of 
the invention are set out in the following clauses: 
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1. An article comprising: 

a superalloy substrate; and 



55 



turbulation matei 
superalloy substr] 



ded to a surface of the 
V a bonding agent. 



2. The article of clause 1, wherein said turbulation 
material extends beyond the surface of the superal- 
loy substrate and forms a plurality of protuber- 
ances. 

3. The article of clause 1, wherein the bonding 
agent comprises braze alloy. 

4. The article of clause 3. wherein the braze alloy 
forms a layer on the surface of the substrate, and 
the turbulation material is embedded in the layer of 
braze alloy 

5. The article of clause 4, wherein the layer of braze 
alloy forms a continuous matrix phase. 

6. The article of clause 4, wherein the layer of braze 
alloy is discontinuous. 

7. The article of clause 1, wherein the turbulation 
material comprises metal alloy. 

8. The article of clause 7, wherein the metal alloy 
comprises at least one element from the group con- 
sisting of nickel, cobalt, aluminum, chromium, sili- 
con, iron, and copper. 

9. The article of clause 8, wherein the metal alloy 
has a composition MCrAlY, wherein "M" comprises 
at least one material selected from the group con- 
sisting of iron, nickel and cobalt. 

10. The article of clause 9, wherein "M" is nickel. 

11. The article of clause 1, wherein the turbulation 
material has an average particle size within a range 
of about 125 microns to about 4000 microns. 

12. The article of clause 1 1 , wherein the turbulation 
material has an average particle size within a range 
of about 125 microns to about 2050 microns. 

13. The article of clause 1, wherein the superalloy 
substrate comprises a nickel-based or a cobalt- 
based superalloy. 

1 4. The article of clause 1 3, wherein nickel or cobalt 
is the single greatest element of the superalloy sub- 
strate. 

15. The article of clause 14, wherein the superalloy 
substrate comprises a nickel-based alloy, and 
includes at least 40 wt% nickel and at least one 
component from the group consisting of cobalt, alu- 
minum, silicon, chromium, tungsten, molybdenum, 
titanium, and iron. 

16. The article of clause 1, wherein the bonding 
agent comprises a braze alloy, the braze alloy 
including at least one metal selected from the group 
consisting of nickel, cobalt, iron, a precious metal, 
and a mixture thereof. 

17. The article of clause 16, wherein the braze alloy 
comprises at least about 40 wt% nickel. 

18. The article of clause 16, wherein the braze alloy 
further comprises a component for lowering the 
melting point of the braze alloy 

19. The article of clause 16, wherein the compo- 
nent is selected from the group consisting of silicon, 
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boron, phosphorous^^kombinations thereof. 

20. The article of clau^l , wherein the article has a 
heat transfer enhancement greater than 1.52 at a 
jet Reynolds number of 40,000. 

21 . The article of clause 20, wherein the heat trans- 5 
fer enhancement Is not less than about 1.60. 

22. The article of clause 1, wherein the substrate is 
a turbine engine component. 

23. The article of clause 22, wherein the turbine 
engine component Is a component from the group io 
consisting of a combustor liner, a combustor dome, 

a bucket, a nozzle, a blade, a shroud, a vane, and a 
shroud clearance control component. 

24. The article of clause 23, wherein the turbine 
engine component comprises a superalloy. is 

25. The article of clause 23, wherein the turbine 
engine component is a component from the group 
consisting of a combustor liner, a nozzle, a shroud, 
and a shroud clearance control component. 

26. An article comprising: 20 

a substrate; 

turbulation material bonded to a surface of the 
substrate, said turbulation material comprising 25 
a particulate phase of discrete metal alloy par- 
ticles having an average particle size within a 
range of about 125 microns to about 4000 
microns. 

30 

27. The article of clause 26, wherein the average 
particle size is within a range of about 150 microns 
to about 2050 microns. 

28. The article of clause 26, wherein the average 
particle size is within a range of about 180 microns 35 
to 600 microns. 

29. The article of clause 26, wherein the turbulation 
material protrudes from the surface of the substrate 
to form a plurality of protuberances. 

30. The article of clause 26, wherein the turbulation 40 
material Is bonded to the surface of the substrate by 

a bonding agent. 

31. The article of clause 30, wherein the bonding 
agent forms a layer on the surface of the substrate, 
and the turbulation material Is embedded in the 45 

layer of bonding agent. 

32. The article of clause 31 , wherein the layer of 
bonding agent forms a continuous matrix film. 

33. The article of clause 31, wherein the layer of 
bonding agent is discontinuous. so 

34. The article of clause 30, wherein the bonding 
agent comprises a high-temperature epoxy or sol- 
der. 

35. The article of clause 30, wherein the bonding 
agent comprises braze alloy 55 

36. The article of clause 35, wherein the braze alloy 
comprises at least one metal selected from the 
group consisting of nickel, cobalt, Iron, a precious 



metal, and ^^^ure thereof. 

37. The artic^f clause 36, wherein the braze alloy 
comprises at least about 40 wt% nickel. 

38. The article of clause 36, wherein the braze alloy 
further comprises a component for lowering the 
melting point of the braze alloy. 

39. The article of clause 38, wherein the compo- 
nent is selected from the group consisting of silicon, 
boron, phosphorous, or combinations thereof. 

40. The article of clause 26, wherein the metal alloy 
particles comprise at least one element from the 
group consisting of nickel, cobalt, aluminum, chro- 
mium, silicon, iron, and copper. 

41 . The article of clause 40, wherein the metal alloy 
particles have a composition MCrAlY, wherein "M" 
comprises at least one material selected from the 
group consisting of iron, nickel and cobalt. 

42. The article of clause 41 , wherein "M" is nickel. 

43. The article of clause 26, vyherein the substrate 
comprises a superalloy substrate. 

44. The article of clause 43, wherein the superalloy 
substrate comprises a nickel-based or a cobalt- 
based superalloy. 

45. The article of clause 44, wherein the superalloy 
substrate comprises a nickel-based alloy, and 
includes at least 40 wt% nickel and at least one 
component from the group consisting of cobalt, 
chromium, aluminum, tungsten, silicon, molybde- 
num, titanium, and iron. 

46. The article of clause 26, wherein the article has 
a heat transfer enhancement greater than 1.52 at a 
jet Reynolds number of 40,000. 

47. The article of clause 46, wherein the heat trans- 
fer enhancement is not less than about 1.60. 

48. The article of clause 26, wherein the substrate 
Is a turbine engine component. 

49. The article of clause 48, wherein the turbine 
engine component Is a component from the group 
consisting of a combustor liner, a combustor dome, 
a bucket, a nozzle, a blade, a shroud, a vane, and a 
shroud clearance control component. 

50. The article of clause 49, wherein the turbine 
engine component comprises a superalloy, and is 
selected from the group consisting of a combustor 
liner, a combustor dome, a bucket, a nozzle, a 
blade, a shroud, and a vane. 

51. The article of clause 49, wherein the turbine 
engine component Is a shroud clearance control 
component. 

52. The article of clause 51, wherein the shroud 
clearance control component is selected from the 
group consisting of flanges, casings, and rings. 

53. A slurry comprising: 

a liquid medium; 
braze alloy powder; and 
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turbulation material, saicj^^ilation material 
comprising a superalloy jBwcles having an 
average particle size within a range of about 
125 microns to about 4000 microns. 

5 

54. The slurry of clause 53, wherein the average 
particle size Is within a range of about 150 microns 
to about 2050 microns. 

55. The slurry of clause 54, wherein the average 
particle size is within a range of about 180 to about io 
600 microns. 

56. The slurry of clause 53, wherein the turbulation 
material comprises at least one component from 
the group consisting of nicl<el, cobalt, aluminum, 
chromium, silicon, iron and copper. 15 

57. The slurry of clause 56, wherein the turbulation 
material has the composition MCrAlY, wherein "M" 
is selected from the group consisting of iron, cobalt, 
and nicl<eL 

58. The slurry of clause 57, wherein "M" is nickel. 20 

59. The slurry of clause 53, wherein the braze alloy 
powder comprises at least one metal from the 
group consisting of nickel, cobalt, iron, a precious 
metal, and a mixture thereof. 

60. The slurry of clause 59, wherein the braze alloy 25 
powder comprises at least about 40 wt% nickel. 

61 . The slurry of clause 59, wherein the braze alloy 
powder comprises a component for lowering the 
melting point of the braze alloy. 

62. The slun7 of clause 61 , wherein the component 30 
is selected from the group consisting of silicon, 
boron, phosphorous, and combinations thereof. 

63. The slurry of clause 53, wherein the liquid 
medium comprises water. 

64. An article compnsing: 35 

a brazing sheet including a braze alloy and tur- 
bulation material, said turbulation material 
comprising metal alloy particles having an 
average particle size within a range of about 40 
125 microns to about 4000 microns. 

65. The article of clause 64, wherein the brazing 
sheet comprises a green braze tape. 

66. The article of clause 64, wherein the brazing 45 
sheet comprises a metal foil. 

67. The article of clause 64, wherein the average 
particle size is within a range of about 150 microns 
to about 2050 microns. 

68. The article of clause 64, wherein the average so 
particle size is within a range of about 180 to about 
600 microns. 

69. The article of clause 64, wherein the turbulation 
material comprises at least one component from 
the group consisting of nickel, cobalt, aluminum, 55 
chromium, silicon, iron and copper. 

70. The article of clause 69, wherein the turbulation 
material has the composition MCrAlY, wherein "M" 



is selected from the g^^^onslsting of iron, cobalt, 
and nickel. 

71 . The article of clause 70, wherein "M" is nickel. 

72. The article of clause 64, wherein the braze alloy 
comprises at least one metal from the group con- 
sisting of nickel, cobalt, iron, a precious metal, and 
a mixture thereof. 

73. The article of clause 72, wherein the braze alloy 
comprises at least about 40 wt% nickel. 

74. The slurry of clause 72, wherein the braze alloy 
comprises a component for lowering the melting 
point of the braze alloy. 

75. The slurry of clause 74, wherein the component 
is selected from the group consisting of silicon, 
boron, phosphorous, and combinations thereof. 

76. A method of providing turbulation on a surface 
of a superalloy substrate, comprising the steps of: 

applying a layer on a surface of the superalloy 
substrate, the layer comprising braze alloy and 
turbulation material; and 

fusing the layer on the surface of the superalloy 
substrate, whereby the braze alloy bonds the 
turbulation material to the superalloy substrate. 

77. The method of clause 76, wherein the braze 
alloy forms a continuous matrix phase film. 

78. The method of clause 76, wherein the braze 
alloy forms a discontinuous film. 

79. The method of clause 78, wherein the turbula- 
tion material comprises particles, and the braze 
alloy forms fillets that bond the particles to the sub- 
strate. 

80. The method of clause 76, wherein the superal- 
loy substrate comprises nickel-based or a cobalt- 
based alloy. 

81. The method of clause 80, wherein the superal- 
loy substrate comprises a nickel-based alloy, and 
includes at least about 40 wt% nickel and at least 
one component from the group consisting of cobalt, 
aluminum, chromium, silicon, tungsten, molybde- 
num, titanium, and iron. 

82. The method of clause 76,' wherein the turbula- 
tion material comprises at least one element from 
the group consisting of nickel, cobalt, aluminum, 
chromium, silicon, iron, and copper. 

83. The method of clause 82, wherein the turbula- 
tion material is an alloy having a composition 
MCrAlY, wherein "M" comprises at least one mate- 
rial selected from the group consisting of Iron, 
nickel and cobalt. 

84. The method of clause 76, wherein the braze 
alloy comprises at least one metal selected from 
the group consisting of nickel, cobalt, iron, a pre- 
cious metal, and a mixture thereof. 

85. The method of clause 84, wherein the braze 
alloy comprises at least about 40 wt% nickel. 
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86. The method of^^^e 84, wherein the braze 
alloy further comprl^^^ component for lowering 
the melting point of the braze alloy. 

87. The method of clause 86, wherein the compo- 
nent is selected from the group consisting of silicon, 5 
boron, phosphorous, and combinations thereof. 

88. The method of clause 76, wherein the turbula- 
tion material forms a plurality of protuberances that 
extend beyond the surface of the superalloy sub- 
strate to define a turbulated surface. io 

89. The method of clause 88, wherein the turbu- 
lated surface has a heat transfer enhancement 
greater than 1.52 at a jet Reynolds number of 
40,000. 

90. The method of clause 89, wherein the heat 15 
transfer enhancement Is not less than about 1 .60. 

91. The method of clause 76, wherein said layer 
comprises a brazing sheet. 

92. The method of clause 91, wherein the turbula- 
tion material has an average particle size within a 20 
range of about 125 microns to about 4000 microns. 

93. The method of clause 92, wherein the average 
particle size is within a range of about 150 to about 
2050 microns. 

94. The method of clause 91, wherein the brazing 25 
sheet comprises a green braze tape and includes 
said braze alloy and a binder. 

95. The method of clause 94, wherein the turbula- 
tion material is mixed within the green braze tape 
prior to fusing on the substrate. 30 

96. The method of clause 94, wherein the turbula- 
tion material Is applied to a surface of the green 
braze tape prior to fusing on the substrate. 

97. The method of clause 96, wherein the turbula- 
tion material is patterned on the surface of the 35 
green braze tape. 

98. The method of clause 94, wherein the green 
braze tape is formed by depositing a slurry of the 
braze alloy and binder onto a removable support 
sheet, and drying the slurry. 40 

99. The method of clause 94, wherein the green 
braze tape has a thickness in a range of about 1 
micron to about 250 microns. 

100. The method of clause 94, wherein the green 
braze tape is attached to the surface of the superal- 45 
loy substrate by an adhesive. 

101. The method of clause 94, wherein prior to the 
step of fusing, the green braze tape is exposed to a 
solvent that plasticizes the binder, causing the 
green braze tape to conform to the surface of the so 
superalloy substrate. 

102. The method of clause 91 , wherein the brazing 
sheet comprises a metal foil including braze alloy, 
and the turbuiation material is provided on a surface 

of the metal foil. 55 

103. The method of clause 102, wherein the metal 
foil has a thickness in a range of about 0.1 microns 
to about 250 microns. 



104. The nr^^p of clause 91 , wherein the turbuia- 
tion materia^Wns a plurality of protuberances that 
extend beyond the surface of the superalloy sub- 
strate to define a turbulated surface, the turbuiation 
material comprises a turbuiation powder, and the 
brazing sheet is formed by (i) providing a mold hav- 
ing a surface in which a plurality of recesses are 
formed, (ii) filling the plurality of recesses in the 
mold with a slurry containing said turbuiation pow- 
der and braze alloy, to form said protuberances (ii) 
placing a material component on the mold, in con- 
tact with the turbuiation material, said material com- 
ponent comprising braze alloy and forming a 
continuous sheet, (iii) removing the continuous 
sheet with the protuberances attached thereto. 

105. The method of clause 104, wherein said mate- 
rial component comprises a metal foil. 

1 06. The method of clause 1 04, wherein said mate- 
rial component comprises a green braze tape. 

1 07. The method of clause 1 04, wherein said mate- 
rial component comprises a slurry. 

108. The method of clause 104, wherein the turbu- 
iation material has an average particle size within a 
range of 1 micron to about 4000 microns. 

109. The method of clause 76, wherein said layer 
comprises a slurry containing said turbuiation 
material, said braze alloy, and a liquid medium. 

110. The method of clause 109, wherein the slurry 
further comprises a binder. 

111. The method of clause 110, wherein said liquid 
medium is a solvent for the binder. 

112. The method of clause 76, wherein the step of 
fusing is carried out by brazing, at a temperature of 
about 525 °C to about 1650 °C. 

113. The method of clause 1 12, wherein the step of 
brazing is carried out in a vacuum furnace. 

114. The method of clause 76, wherein the step of 
fusing is carried out by locally heating a portion of 
the substrate. 

1 1 5. A method for providing turbuiation on a surface 
of a metal substrate, comprising the steps of: 

providing a brazing sheet on a surface of a 
metal substrate, the brazing sheet having first 
and second surfaces and including turbuiation 

material; and 

fusing the brazing sheet to the substrate, such 
that the turbuiation material is bonded to the 
substrate. 

116. The method of clause 115, wherein the turbu- 
iation material forms protuberances that extend 
beyond the surface of the substrate. 

117. The method of clause 115, wherein the first 
surface of the brazing sheet is applied to the sub- 
strate, the brazing sheet comprises braze alloy, and 
the turbuiation material is provided on the second 
surface of the brazing sheet. 
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118. The method of clause 1 ^^lerein the braz- 
ing sheet comprises a green braw tape. 

119. The method of clause 117, wherein the braz- 
ing sheet comprises a metal foil. 

120. The method of clause 115, wherein the braz- 
ing sheet is a green braze tape comprising braze 
alloy, and the turbulation material is mixed with the 
braze alloy. 

121 . The method of clause 115, wherein the turbu- 
lation material comprises at least one element from 
the group consisting of nickel, cobalt, aluminum, 
chromium, silicon, iron, and copper. 

122. The method of clause 115, wherein the turbu- 
lation material Is an alloy having a composition 
MCrAlY, wherein "M" comprises at least one mate- 
rial selected from the group consisting of iron, 
nickel and cobalt. 

123. The method of clause 115, wherein the sub- 
strate comprises a superalloy. 

124. The method of clause 115, wherein the turbu- 
lation material has an average particle size within a 
range of about 125 microns to about 4000 microns. 

125. A method for providing turbulation on a surface 
of a metal substrate, comprising the steps of: 

providing a slurry on a surface of a metal sub- 
strate, the slurry comprising braze alloy and 
turbulation material; and 



Claims 

1 . An article comprising: 

a superalloy substrate; and 

turbulation material bonded to a surface of the 
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fusing the turbulation material to the substrate. 30 



126. The method of clause 125, wherein the turbu- 
lation material forms protuberances that extend 
beyond the surface of the substrate 

127. The method of clause 125, wherein the step of 
fusing melts the braze alloy 

128. The method of clause 125, wherein the turbu- 
lation material comprises at least one element from 
the group consisting of nickel, cobalt, iron, and cop- 
per. 

129. The method of clause 125, wherein the turbu- 
lation material comprises an alloy having a compo- 
sition MCrAlY, wherein "M" comprises at least one 
material selected from the group consisting of Iron, 
nickel and cobalt. 

130. The method of clause 125, wherein the sub- 
strate comprises a superalloy 

131. The method of clause 125, wherein the turbu- 
lation material has an average particle size within a 
range of about 125 microns to about 4000 microns. 
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superalloy substi^jj^ a bonding agent. 



The article of claim 1, wherein said turbulation 
material extends beyond the surface of the superal- 
loy substrate and forms a plurality of protuber- 
ances. 

An article comprising: 
a substrate; 

turbulation material bonded to a surface of the 
substrate, said turbulation material comprising 
a particulate phase of discrete metal alloy par- 
ticles having an average particle size within a 
range of about 125 microns to about 4000 
microns. 

The article of claim 3, wherein the average particle 
size Is within a range of about 150 microns to about 
2050 microns. 

A slurry comprising: 

a liquid medium; 

braze alloy powder; and 

turbulation material, said turbulation material 
comprising a superalloy particles having an 
average particle size within a range of about 
125 microns to about 4000 microns. 

The slurry of claim 5, wherein the average particle 
size is within a range of about 1 50 microns to about 
2050 microns. 

An article comprising: 

a brazing sheet including a braze alloy and tur- 
bulation material, said turbulation material 
comprising metal alloy particles having an 
average particle size within a range of about 
125 microns to about 4000 microns. 

A method of providing turbulation on a surface of a 
superalloy substrate, comprising the steps of: 

applying a layer on a surface of the superalloy 
substrate, the layer comprising braze alloy and 
turbulation material; and 

fusing the layer on the surface of the superalloy 
substrate, whereby the braze alloy bonds the 
turbulation material to the superalloy substrate. 

A method for providing turbulation on a surface of a 
metal substrate, comprising the steps of: 
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;heet on a surface of a 



metal substrate.^^brazing sheet having first 
and second surfaces and including turbulation 
material; and 

fusing the brazing sheet to the substrate, such 5 
that the turbulation material is bonded to the 
substrate. 

10. A method for providing turbulation on a surface of a 
metal substrate, comprising the steps of: io 

providing a slurry on a surface of a metal sub- 
strate, the slurry comprising braze alloy and 
turbulation material; and 

15 

fusing the turbulation material to the substrate. 
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